Membranes constitute a meeting point for lipids and proteins. Not only do they define the entity of cells and cytosolic organelles but they also display a wide variety of important functions previously ascribed to the activity of proteins alone. Indeed, lipids have commonly been considered a mere support for the transient or
Introduction

Most cell functions occur in or around membranes. Membranes not only define the cell's boundary but they also create cytoplasmic compartments into which certain activities can be segregated or to make them more efficient. Membrane proteins have been attributed with the most important roles in membranes, although lipids have also been acknowledged as key elements in numerous processes. The present review shows how membrane lipids, and the structures they form, participate and regulate numerous important cellular activities.
Membrane-spanning (integral, intrinsic) proteins are permanently embedded in the lipid bilayer (Fig. 1) .
In many cases, the type of lipids that interact with amino acids in the hydrophobic environment of the membrane core and those at the interface are more or less defined, and to a certain extent regulated by the features of the protein. Transmembrane proteins also influence lipid structure in the membrane. Therefore, it is not surprising that changes in the lipid environment of membranes regulate or alter the function of intrinsic membrane proteins (see below). Indeed, in regions rich in a given type of receptor (e.g. synaptosomes, receptor clusters, etc.) these proteinlipid interactions play important roles in both directions.
On the other hand, peripheral (extrinsic) proteins also regulate and are regulated by membrane lipids. G proteins provide a good example of how proteins can affect membrane composition and structure [1] . [2, 3] .
Like integral proteins, peripheral proteins may regulate membrane composition and structure, and many of these proteins undergo co-/post-translational modifications, that include the addition or removal of fatty acids or isoprenoid moieties. Recent studies show that these lipid modifications, and the surrounding amino acids are not only involved in the interaction with membranes but that they also regulate: (i) membrane lipid structure; (ii) the formation of lipid domains in membranes and (iii) clustering of G protein peptides
Membrane lipids participate in the interaction of proteins with the cell barrier [4, 5] . They also regulate the distribution and localization of peripheral proteins to membrane domains where they can interact with other signalling proteins [6] . In this context, heterotrimeric and dimeric G proteins prefer hexagonal (HII)-prone membranes, whereas monomeric G␣i proteins prefer lamellar regions of the membrane. Indeed, both peptide and lipid moieties of these proteins are involved in the reciprocal regulation of structural and functional aspects of the membrane [1, [6] [7] [8] [9] .
Membranes are formed by a matrix of lipids whose structure and composition is far from simple. First [11, 12] . In addition, many diseases are associated with alterations in membrane lipid levels (see sections below). Therefore, therapeutic approaches based on their regulation appear to be useful novel clinical alternatives to other pharmacological strategies [9] . [14, 15] (Fig. 2) [16] . This is possibly due to the presence of HII-prone lipids, which generate 'frustrated' bilayers (l phase) [15] , which may be stabilized by interactions with proteins or lipids (Fig. 2) [9, 16] . Non-lamellar-prone lipids also participate in the formation of the cleavage furrow during cell cytokinesis [17] , as well as in other membrane fission and fusion processes. Finally, membrane lipid heterogeneity is responsible for the distinct membrane regions, domains and microdomains that form the spatial organization of, which it is related to, the specific activity at the membrane. [18] .
In addition, most drugs currently under development are targeted at G protein-coupled receptors (GPCRs), a ubiquitous family of membrane receptors that control a great number of cellular and physiological functions, whose activity is controlled by their lipid environment (see below). Therefore, membranes also constitute meeting points for therapies that, through regulation of membrane lipids and/or proteins, reverse cellular malfunctions. This fact further shows the relevance of membranes in the control of cell functions, their homeostasis, communication and responses to environmental and pathophysiological situations.
Membrane lipid composition
Biological membranes consist of a lipid bilayer to which proteins and carbohydrates may be associated or covalently linked. Recent advances have provided new perspectives from which the roles of membrane lipids in cells can be evaluated, having evolved from a simple physical barrier to a critical component in cell signalling and other cellular processes.
Fig. 1 A simplified drawing representing the various interactions of proteins with lipid bilayers as a function of time: 1, a peripheral or extrinsic protein; 2, an integral or intrinsic protein; 3, a non-permanent protein that interacts reversibly with the membrane, a lipid-transfer protein in this particular example; 4, a non-permanent protein that becomes irreversibly bound to the bilayer once it interacts with it; 5, a non-permanent protein reversibly bound to a secretion vesicle and then transferred to a target membrane. A, B and C correspond to consecutive stages in the interaction process.
Membrane lipids can be classified into three main groups: glycerol-based lipids, cholesterol and ceramide-based sphingolipids. Glycerol-based lipids can be divided into two broad categories: glycosylglycerides and phospholipids. Glycosylglycerides form a highly complex lipid family in which the sn-3 position of the glycerol backbone is esterified to a glycosyl moiety (e.g. galactose, glucose, etc.). They are the most abundant membrane glycerolipids; however, this lipid family is beyond the scope of this review and we will focus our attention on phospholipids. In phospholipids, while their sn-1 and sn-2 positions are esterified to a fatty acid, the sn-3 position is esterified to a phosphate group that in turn is
Membrane lipid structure
Most phospholipids spontaneously form lipid bilayers in aqueous environments with a pH and ionic strength similar to that of biological systems. However, certain lipids can organize into non-lamellar structures under physiological or non-physiological conditions. Moreover, lipids may not only display different phases under different conditions (lipid mesomorphism), but membranes lipids may also
The fluid mosaic model proposed that membranes were formed by a fluid bilayer in which proteins and lipids could move freely [19] [5, 20] . In this context, most biological membranes are asymmetrical, both laterally and in cross-section. The cross-sectional asymmetry reflects the lipid composition of each leaflet (Fig. 3 ) [21] . The [18] .
cytoplasmic face of the membrane where they participate in cell signalling [22, 23] [24, 26] . Indeed, the heterogeneous distribution of lipids is critical for the correct physiological homeostasis of cells. Accordingly, the loss of transmembrane lipid asymmetry and the concomitant exposure of PS to the external milieu occurs upon induction of programmed cell death (apoptosis) [27] , or on platelet activation and aggregation [28] . Externalization of PS changes the cell surface charge, as its negative net charge at physiological pH alters the electric properties of the external leaflet, mainly influenced by the glycocalix. The net result of this process is an alteration of cell-cell interactions that might be involved in the conversion to a procoagulating state [29] , increased adhesion and aggregation [30] and recognition by phagocytic cells [31] . Although these processes are essential for normal cell development and homeostasis, unregulated loss of PS asymmetry may contribute to the development of heart disease, stroke and diabetes [30] .
The organization of specific domains is an important aspect of membrane structure that has recently received increasing attention. Because lipids have significant lateral mobility, one might expect that they would be homogenously distributed in most membranes. However, both model and biological membranes exhibit non-ideal mixing in systems containing two or more elements [32, 33] . The physicochemical forces involved in this lateral segregation into microdomains are discussed below (Fig. 3) [34] .
Although still controversial, studies using fluorescence resonance techniques have estimated rafts to have a mean diameter between 30 to 50 nm [35] and several hundred micrometers [36] . It was earlier suggested that rafts moved within the exofacial leaflet of the membrane bilayer [37] , although current evidence suggests that rafts also extend through with the cytofacial leaflet due to the organization of lipids associated with the presence of membrane signalling proteins such as rho-A, fyn and the interleukin receptor IL2R-␤ [38] [39] [40] . GPI-anchored proteins are very abundant in rafts [41, 42] [43] and the GM3 ganglioside [41] .
Caveolae are cell surface invaginations that are usually smaller than lipid rafts, the diameter of their opening at the cell surface typically ranges from 60 to 80 nm. Caveolae contain more free cholesterol than lipid rafts (with respect to sphingolipids) [41, 43] , whereas GM3 is practically undetectable [41] [47] . Caveolae have also been implicated in clathrin-independent endocytosis of GPI-anchored proteins and glycosphingolipidbinding toxins [48, 49] . (Fig. 3) , together with the recognition of the large variety of biomembrane functions controlled by this dynamic organization [51, 54] . Membrane microdomains ('rafts') were discovered already in the 1970s and early 1980s using different approaches [55] [56] [57] [58] [59] [60] [61] [62] [63] and, importantly, were attributed to the physical properties and organization of lipid mixtures [14, 58, 59] [60] as well as in model membranes [64, 65] . The driving forces for the phase separation in this lipid mixture are still controversial. One possibility is hydrophobic mismatch, which has been demonstrated to drive the formation of microdomains in reconstituted membranes [66, 67] [75] .
Why so many different lipids?
Lateral pressure
Intimately related to membrane spontaneous curvature is the lateral pressure profile [76] [28] and as mentioned above, exposure of PS at the exofacial leaflet occurs in the initial steps of apoptosis and blood coagulation [97, 98] . These lipids also participate in more complex activities, such as the docking of peripheral proteins to membranes [1, 4, 99] [160] . Figure 1 depicts a [167] .
Other examples
Proteins that interact reversibly with the bilayers
These proteins have in common that, within a timescale compatible with the turnover time of membrane components (up to tens of minutes), the protein binds the membrane, and then comes back to the aqueous medium. This group encompasses a large variety of proteins, with widely diverging kinetics of membrane binding. They are often, but not always, proteins with specific lipid-binding sites. At the limit of the fast exchange we should mention the ceramide-activated protein phosphatases 1 and 2A [166]. In fact, these proteins have never been isolated in a membrane-bound form, but they contain a ceramide-binding site in their catalytic subunit, and strong experimental evidence points towards a direct interaction with ceramide
Other ceramide-binding proteins are known to exist transiently in the membrane-bound form, such as ceramide-activated protein kinase [168] , some isoenzymes of PKC [169, 170] or c-Raf-1 [171] . It has been proposed that ceramide binds proteins in this group through their cysteine-rich domains [172] . Recently, ceramide-1-phosphate has been shown to bind a cytosolic phospholipase A2 via interaction with its C2 domain [173] .
A large number of proteins are known that bind transiently the cell membranes, and have a specific binding site for DAG (see [174, 175] [182] . Studies in which membrane binding and activity of the purified enzyme were measured in lipid vesicles [183] showed that membrane binding of the cytidyltransferase required anionic lipids. [184] [184] . [187] . [189] , which reveals extensive ␤-structure, it seems likely that the oligomeric form of the toxin contains an amphipathic ␤-barrel analogous to that observed in the heptamer of Staphylococcus aureus ␣-toxin [190] . Aerolysin has no apparent affinity for lipids until it has oligomerized, but the oligomer contains an exposed hydrophobic surface, presumably the outside of the amphiphathic barrel, and can insert directly from solution. How such a large structure as the barrel penetrates a lipid bilayer is a largely unexplored puzzle. Alonso et al. [191] [192, 193] . Also, recent data [194] [185, 195] [196] .
Bacteriophage M13 offers an interesting and rather unique example of a protein that becomes inserted into the cell membrane in the way of the integral proteins, yet insertion is reversible. During viral replication the major coat protein of M13 (protein VIII) accumulates in the host cell membrane, in the form of an integral protein
Proteins that interact irreversibly with the bilayers
In some cases, proteins that are not permanent constituents of the membrane become associated with it in an irreversible way. This occurs most often with proteins that are not encoded by the own cell genome, i.e. proteins from parasitic or toxic organisms. To mention a few examples, this is the case of equinatoxin II from the sea anemone Actinia equina [185], ␣-haemolysin from Escherichia coli [186], or the variety of 'pore-forming protein toxins' reviewed by Parker and Feil
In all these cases, after insertion, the proteins behave exactly like any other integral protein in the cell membrane. Note that the toxins are released as soluble proteins to the aqueous medium, and the mechanism by which they undergo the transition from soluble (water soluble) to integral (lipid soluble) proteins is a fascinating mystery, and a difficult one to unravel. The above concepts can be illustrated with the example of aerolysin, a 47-kD channel-forming protein that contributes to the pathogenicity of Aeromonas hydrophila, a bacterium associated with intestinal and deep wound infections [188]. The toxin is secreted in the form of an inactive precursor called proaerolysin that can be proteolytically processed to aerolysin by a number of proteases including trypsin and furin. The active form of the toxin is a water-soluble molecule that can spontaneously oligomerize, producing heptamers that may then insert into lipid bilayers, giving rise to discrete hydrophilic channels. On the basis of the crystal structure of proaerolysin
have proposed that the aerolysin oligomer may overcome the barrier of the polar interfacial region by destabilizing the bilayer locally, causing the formation of non-lamellar structures. Using liposomes as the host membranes, those authors found that the inclusion of lipids that facilitate the lamellar-to-inverted hexagonal phase transition enhanced aerolysin insertion, whereas the opposite occurred when lipids that stabilize the lamellar phase were present. An additional aspect that complicates the taxonomy of non-permanent membrane proteins is that there are examples of proteins that can bind lipid bilayers either reversibly or irreversibly, depending on the composition and physical properties of the bilayer. This is the case of E. coli ␣-haemolysin that binds reversibly bilayers in the gel state and irreversibly those in the liquid-crystalline state
suggest that a fraction of ␣-haemolysin is secreted from the bacterium bound to outer membrane vesicles, from which the toxin is transferred to the target cells, thus ␣-haemolysin is reversibly bound to the secretion vesicles before becoming irreversibly inserted into the target membrane. Equinatoxin II binds reversibly pure PC bilayers, but irreversible insertion occurs when SM is incorporated in the bilayer composition
. However, binding to cell membranes is almost always irreversible, and this is why these toxins are best classified within the group of non-permanent membrane proteins that become irreversibly bound. In the previous paragraphs we have seen examples of bacterial or viral proteins that become part of the host cell membrane. The opposite may occur as well, when the host tries to attack an unwanted parasite, as in the case of complement-mediated bacterial killing. Complement proteins, of which more than 20 are known, exist in blood as part of the innate immune system. Proteins 5b and 9 of the complement system form the so-called 'membrane attack complex', that binds the outer membrane of Gramnegative bacteria. The bactericidal activity of complement is dependent upon C9, but currently it is not understood how this protein translocates across the periplasm and dissipates the potential across the inner membrane
In some cases, proteins encoded by the same organism may bind irreversibly its cell membranes. This is the case of several proteins involved in blood coagulation, e.g. factor X [197] , factor VIII [198] or factor V [199] . To [200] . [199] . [202, 203] . Agonist-mediated activation of these receptors propagates signal transduction through heterotrimeric G proteins. Hence, the wide range of receptor types and the relevance of the functions they control, makes via G protein signalling one of the most important cell signalling pathways in the cell (for a review, see [202, 203] [204, 205] , and that G proteins can be activated by means of GPCRindependent activators of G protein signalling proteins (AGS proteins) [206, 207] . There are at least 16 types of G␣ subunits, 5 of G␤ subunits and 12 types of G␥ subunits encoded by the G protein gene family [208] . G␣ [3, 99] . G␣ subunits are modified at their N-termini by myristoylation and/or palmitoylation, whereas farnesyl or geranylgeranyl isoprenoid moieties can be added to the C-termini of ␥ subunits. Myristoylation occurs cotranslationally on glycine residues of G␣i proteins [211, 212] , whereas other G␣ proteins (with few exceptions) are post-translationally and reversibly palmitoylated on cysteine residues [211, 212] . The regulation of the state of palmitoylation by GPCRmediated activation influences the cellular localization of G␣ subunits and the propagation of signals through these membrane receptors [8, [213] [214] [215] [216] . [2, 3] . [6] . [2, 3, 9, 16] . [218, 219] [220] .
Membrane association of factor Va appears to be a complex process involving both chains of the protein, changes in lipid packing, and in protein conformation. Interestingly, membrane binding also facilitates proteolytic degradation of factor Va
Non-permanent membrane proteins can also be classified according to the nature (strength) of their interaction with the host membrane (Table 5).
Proteins that interact weakly with the membrane
These are proteins that remain membrane-bound through non-covalent forces other than hydrophobic interactions. Electrostatic and polar forces are the most relevant in this case. This group of proteins overlaps almost exactly with those that bind reversibly the cell membranes: many ceramide-and DAG-activated proteins involved in cell signalling belong to it. However, phospholipases and other enzymes of lipid metabolism that induce covalent modification of membrane lipids should not be included here, because for the most part they bind the membrane through strong, through transient, hydrophobic forces.
Proteins that interact strongly with the membrane
All 12 known G␥ proteins are isoprenylated on carboxy-terminal cysteine residues via a thioether bond. Either a farnesyl moiety on the G␥1, G␥9 and G␥11 subunits (CVIS motif) or a geranylgeranyl moiety on the G␥2, G␥3, G␥4, G␥5, G␥7, G␥8, G␥10, G␥12 and G␥13 subunits (CAIL motif) is recognized by the corresponding enzyme [1]. Isoprenoids bind with high affinity to non-lamellar-prone lipids (e.g. PE) and increase their hexagonal (HII) phase propensity [2]. This lipid modification is involved not only in G protein-membrane interactions but also in the formation of non-lamellar-prone membrane domains
Moreover, regions with high non-lamellar-phase propensity are important in the activity of the various forms of G proteins produced during their cycle of activity: Both G␣␤␥ heterotrimers and G␤␥ heterodimers prefer non-lamellar prone domains (PErich), whereas G␣ subunits prefer lamellar regions (e.g. lipid rafts)
Small monomeric G proteins: the Ras and Ras-like family
Many growth factor receptors activate Ras and Raslike proteins, most of them belonging to the tyrosine kinase receptor family. Mammalian Ras proteins (H-Ras, K-Ras4A, K-Ras4B, N-Ras) have a molecular weight of 21 kD and except for K-Ras4B (188 amino acids), they contain 189 amino acids. The Nterminal 85 residues of the four members are identical and their similarity remains as high as 90% over the following 80 residues. Accordingly, the principal source of divergence among Ras isoforms is restricted to the 24 C-terminal amino acids, which display less than 15% homology [217]. This diversity is related to the different membrane anchors used by the Ras isoforms to interact with the plasma membrane. H-Ras forms transient interactions with lipid rafts when bound to GDP, whereas when bound to GTP it aggregates with cholesterol-insensitive, galectin-1-dependent, non-raft domains. On the other hand, K-Ras is clustered in cholesterol-insensitive, non-raft domains that differ from the activated H-Ras microdomains
The Ras-like small GTPase family is made up of several members, such as Ras, Rap1, Rap2, R-Ras, Ra1, Rheb, M-Ras and TC21 [217] . [218] [219] [220] [221] [222] [223] [224] .
Ras-like proteins play important roles in various cellular signal transduction pathways, regulating differentiation and proliferation through their interaction with several signal transduction proteins known as Ras effectors. These effectors include a large number of protein kinases, lipid kinases and guanine nucleotide exchange factors, such as SOS and CD25
Like the ␥ subunit of heterotrimeric G proteins, Ras and Ras-like proteins contain a CAAX isoprenylation motif at their carboxy terminus (C for cysteine, A for aliphatic and X for any amino acid, see above) [81, 225] . This post-translational modification favours the anchoring of proteins to membranes and modifies the structural properties of membranes. In this way, nonlamellar-prone regions are generated that further increase the affinity of this lipid for membranes, and the segregation of membrane microdomains enriched in isoprenoids [2, 3, [226] [227] [228] . Prenylation of Ras and related proteins is a complex process, frequently followed by proteolytic cleavage by zinc metalloproteases such as AFC1 and RCE1 [229, 230] . This process removes the last three amino acid residues, altering the isoprenyl-modified cysteine and making this C-terminal lipid modification permanent.
Several proteins of this family are also palmitoylated at 1 or 2 cysteines near the farnesylated carboxyterminus [231] . In recent years, the post-translational lipid modification of Ras and other membrane-associated proteins has been associated with processes other than membrane anchorage. Lipid modifications, such as isoprenylation and N-and S-acylation also play important roles as specific recognition elements for protein-protein interactions, as well as hydrophobic switches that permit the temporal regulation of docking to sub-compartments like lipid rafts, caveolae [232] and other cellular locations [233] . Palmitoylation augments the affinity of Ras proteins for membranes and activates the mitogen-activated protein kinase (MAPK) pathway [234] . In contrast to farnesylation, palmitoylation of Ras and Ras-like proteins is reversible, reflecting its connection to regulatory phenomena [228, 234] . Ras activation is the first step in the MAPK pathways, an important and conserved signal transduction mechanisms in eukaryotes [235, 236] , exemplified by the number of different and interconnected MAPK signal transduction pathways that coexist within cells [235, 236] [235, 236] . In mammals, a number of MAPK pathways coexist, including the ERK1/2, c-Jun N-terminal kinase (JNK) and p38 MAPK cascades [237, 238] 
. In this context, Ras activates Raf (MAP kinase kinase kinase, MAPKKK) through interactions that occur at the plasma membrane. Activated (phosphorylated) Raf activates MAPKK (MEK), which in turn activates MAPK (also called extracellular signal-regulated kinase, ERK). The transmission of intracellular signals is then produced by sequential phosphorylation (and activation) of the components specific to any respective cascade
Protein kinase C
Since its identification in the bovine cerebellum [239] , membrane-associated PKC isozymes have been shown to be fundamental signal transduction molecules, involved in a huge variety of events including cell-cycle regulation, cellular survival, malignant transformation and apoptosis [240] . PKC [241] . [242, 243] 
A common feature of all PKC isoforms is that their activation is dependent on establishing a close interaction with membrane lipids. Indeed, current models for the interaction of PKC with phorbol esters consider lipids to be essential cofactors of the enzyme
. PKC can interact with different lipids in a variety of ways although the regulatory region of (c) PKCs contains two membrane-targeting domains, C1 and C2. Whereas the C1 domain is composed of two cysteine-rich zinc finger motifs that bind DAG and phorbol esters (C1a and C1b), the C2 domain is responsible for Ca 2ϩ
-dependent membrane binding [244] . DAG is a by-product of the digestion of PI by PLC and it activates this kinase both through specific protein-lipid interactions and through the induction of non-lamellar phases [175] . In fact, non-lamellar (HII) phase propensity has been shown to be involved in the translocation of PKC from the cytosol to membranes, a phenomenon associated with enzyme activation [4, 245] . On the other hand, some studies suggest that a specific interaction between PKC and PS occurs [246] [247] [248] , although other studies have indicated that different anionic phospholipids [249] , or even neutral phospholipids like PC [250] , can also activate PKC. These works demonstrate the importance of PKC-lipid interactions in the activity of this enzyme, and have been related to the therapeutic activity of some drugs against cancer, such as Minerval [9, 245] .
It has been proposed that substrate binding can induce the translocation of PKC␣ to the membrane and that removal of its pseudosubstrate domain may be coupled to a conformational change that results in exposure of hydrophobic groups [251] . Alternatively, myristoylation of PKC substrates promotes their attachment to the membrane, and the associated enzyme-substrate co-localization would be reflected in more efficient catalysis [252] [253] [254] . In this regard, myristoylated peptides mimicking the pseudosubstrate regions of a number of PKC isoforms have been used as specific and efficient enzyme inhibitors [252] [253] [254] [255] [250, 256, 257] . These lipids increase the nonlamellar (HII) phase propensity of membranes [258] , which in turn favours the translocation of PKC to membranes [4] . In this regard, the 18:1/22:6 species of PE but not those of PC cause an increase in the rate of histone phosphorylation by PKC beyond that caused by other less unsaturated PEs [259] . Similarly, in model systems of pure membrane-forming phospholipids and purified PKC␣, non-lamellar-prone membranes of dioleoyl phosphatidylethanolamine have a greater capacity to bind PKC␣ than membranes containing only the lamellar-forming phospholipid dioleoyl phosphatidylcholine [245] . The importance of this phenomenon has been highlighted by the development of a new anti-cancer drug (Minerval) that increases PKC binding to natural and model membranes containing PE [245] .
Membrane microdomains and lipid mediators in the control of the heat shock protein response
Induced by a wide range of stressors, ranging from temperature stress to hypoxia, inflammation, infections or environmental pollutants, stress proteins, also termed Hsps, play key roles in all living systems [260] . Their major conserved classes are grouped according to their molecular weights (Hsp100, Hsp90, Hsp70, Hsp60 and the 'small Hsps ', sHsps) and some Hsps are encoded by more than one gene [261] [261] .
Stress sensing and signalling: the membrane sensor theory
Due to their multiple and vital functions briefly highlighted above, Hsps play fundamental roles in the aetiology of several human diseases [262] . [11, 16] . In certain cancers, development and metastatic potential favours tumours that express a higher level of sHsps and a lower level of Hsp70 in their plasma membranes [263] . Accordingly, it is of key importance to understand the mechanism whereby cells can elicit a Hsp response and regulate the cellular translocation and membrane association of various Hsp classes [11, 16] . As a commonly accepted paradigm, it was earlier suggested that stress-induced protein denaturation serves as a primary stress-sensing machinery that triggers Hsp gene expression [264, 265] . During the past decade, a new, but not exclusive model, the 'membrane sensor' model, has emerged, which predicts the existence of a membrane-associated stress sensing and signalling mechanism from prokaryotes to mammalian cells [12, [266] [267] [268] [269] [270] [271] [272] [273] . In favour of this model, the exposure of mammalian cells to various membrane fluidizers, or compounds with the ability to interact with certain membrane lipids, substantially modulate Hsp expression without inducing protein unfolding [266] . It was recently documented in a cellular melanoma model that changes in the physical state (fluidity) and the concomitant destabilization/reorganization of cholesterol-rich membrane microdomains may indeed serve as such a 'molecular switch' and is sufficient for the operation of these 'cellular thermometers' [11, 16, 270] . Thus, although many inducers/silencers of the Hsp response may function through a protein-unfolding pathway, some inducers/silencers may work through a distinct mechanism.
Aberrantly high levels of either the overall array of Hsps, or certain Hsp classes are characteristic in different cancer cells and the converse situation applies typically for type 2 diabetes, neurodegeneration, cardiovascular diseases or aging
The plasma membrane, which is the barrier to the external environment, is well suited for sensing stress and acts as an important regulatory interface. As detailed elsewhere, even subtle alterations in its lipids (by causing 'membrane defects') may influence membrane-initiated stress-signalling processes by changing the global fluidity, the membrane thickness, the local organization of microdomains and thereby the clustering of receptors or other proteins localized in the plasma membrane [11, 16, 262] . [11] . Signalling from the transmembrane growth factor receptors to Hsp genes fulfils such a criterion. PI3K, Akt and GSK3, the latter as a negative regulator of HSF1 activation [274] , are central components of such a signalling cascade. Insulin resistance and type 2 diabetes are known to be associated with low Hsp levels, and with decreased PI3K and enhanced GSK3 activities (see references in [275] ). Correction of a low Hsp state improves insulin resistance [275] . A close chemical relative of the membrane-intercalating drug candidate, the hydroxylamine bimoclomol [276, 277] , BRX-220, has been reported to improve insulin sensitivity of both Zucker diabetic fatty rats and streptozotocin-diabetic rats [278] . Another hydroxylamine analogue, the Hsp co-inducer BGP-15, has also successfully passed a phase IIa human clinical trial as an insulin-sensitizer compound [279] . Using BGP-15 to achieve an elevation of Hsp72 protein, protection against diet or obesity-induced hyperglycaemia, hyperinsulinemia, glucose intolerance and insulin resistance was observed. This protection was tightly associated with the prevention of JNK phosphorylation [280] .
Hsp signalling in cancer and diabetes
As documented by Khaleque et al. [281] [283, 284] .
The role of membrane microdomains
The exact role played by lipid microdomains in membrane-directed stress sensing and signalling is far from clear. The related studies have been hampered by the lack of suitable physical methods for the visualization of membrane microdomains in intact cells [20, 285] [11, 16, 20, 262, 286] . [288] . On the other hand, arachidonic acid is used in the synthesis of prostaglandins via cyclooxygenases, some of which are also potent Hsp inducers ( [289] and see references in [16, 287] [290] . Upon exposure to environmental stress, cholesterol can rapidly transform to cholesteryl glucoside, and its production is followed by the activation of certain protein kinases also engaged in the induction of Hsps [291] [9, 11] . [177, 269, [294] [295] [296] [297] . Such hypothetical 'cross-talk' between the membrane primary stress sensors (see above) and Hsps suggests a feedback loop mechanism in the regulation of Hsp genes [11, 16] [11, 16, 286] . [305] . The possible role of Hsps as enhancers of endocytosis has been speculated to be part of the cellular stress response for rapid remodelling of the plasma membrane [306] .
Lipid mediators of the stress response
A subpopulation of Hsps can interact with and translocate through membranes
The presence of Hsps in membranes and lipid rafts is widely documented. On the basis of prokaryotic models, we suggested earlier that a lipid-selective association of a subpopulation of Hsps (GroEL and sHsps) with membranes, leading to increased molecular order, may in turn result in down-regulation of Hsp gene expression
Hsp90 in eukaryotic membranes
Hsp70 in cell membranes
Anti-inflammatory drugs cause the differential upregulation of cytosolic and membrane-bound Hsp70 in tumour cells [307] . It 
Hsp27-membrane interactions
It has been shown that Hsp27, which associates with membranes via specific lipid interactions [297] has a potent protective effect against ␣-synuclein-induced cell death in mammalian neuronal cells [311] where the association of ␣-synuclein with membranes leads to disruption of the membrane bilayer structure. After preconditioning of rat heart (a single episode of 5 min. global ischaemia followed by 5 min. of reperfusion), HSP27 redistributed from the cytosol to the sarcomere and recovery of the contractile function was significantly enhanced, which suggests that translocation of HSP27 to the sarcomere may be involved in the cardioprotective mechanism afforded by ischaemic preconditioning in rat heart [312] . In contrast with Hsp27, Hsp70 does not exert such an action.
Secreted Hsps
Despite lacking a secretory signal, some Hsps are released from cells through physiological secretory mechanisms [261] . Thus [315] . [9, 325, 326] (Table 3 
